Abstract: Desert varnish is a thin manganese-iron rich dark coating that forms on rocks most often in arid climates. This coating may be up to a few hundred microns in thickness and is thought to grow by approximately one micron per thousand years. Recent research has shown that many elements are incorporated into this coating, and, in spite of its slow growth, it may serve as a passive environmental monitor for recent and historical air pollution. To test this hypothesis, small pieces of varnished rock were probed directly by laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS). Results were obtained for 11 elements (13 The LA-ICPMS data indicate that many of the elements commonly found in fly ash from coal-fired power plants (e.g., Cr, Co, Ni, Cu, Zn, Cd, Sn, Sb, Tl and Pb) were highly enriched in the rock coatings in relation to the upper continental crust (UCC). For one of the power plants, where tracer plume studies had been carried out, the highest concentrations in the rock varnish coincide with the peak tracer concentration locations. Thus, these elements in rock varnish hold promise for identifying those geographical regions impacted by nearby power plants. Overall, the results indicate that rock varnish can be used as a passive environmental monitor of relatively recent events, and that the trace element fingerprints held in rock varnish may also hold much potential in forensic air pollution studies.
INTRODUCTION
Rock surfaces are often covered with a dark coating called rock varnish or desert varnish. Many ancient peoples produced petroglyphs or primitive writings by scratching through this coating to expose the much lighter rock substrate. Rock varnish accumulates on exposed rock surfaces in all terrestrial environments, including tropicaland polar-regions, but is most common in deserts [1] . The mechanism for its formation is not fully understood, however, these thin films (up to a few hundred μm), are thought to be slow-growing (~ 1μm/1000 yr) and consist of layers of clay minerals cemented together to the substrate rock by Fe-Mn oxyhydroxides [2] . Most researchers suggests that the ingredients of desert varnish are derived from the atmosphere and these coatings can effectively capture and retain relatively recent air pollutants, including heavy metals and radionuclides [3] [4] [5] [6] [7] [8] [9] .
Tebo et al. [10] and Thiagarajan and Lee [11] noticed that the relative abundances of the elements in varnish films appear to reflect their solubilities in water or their tendency *Address correspondence to this author at the Air Quality and Environmental Management, Clark County, Nevada, USA; Tel: +1-702-455-3529; Fax: +1-702-383-9994; E-mail: Nowinski@co.clark.nv.us for being scavenged by Fe-Mn oxyhydroxides. Thiagarajan and Lee [11] report the extreme relative depletions of rubidium (Rb) and cesium (Cs) in varnishes relative to the upper continental crust (UCC) in the samples collected in the Mojave Desert and Death Valley, California. They proposed that Rb and Cs are probably leached from the airborne dust particles before the particles are incorporated into the varnish films. The authors also observed relative enrichments in rareearth elements (REE), Co, Ni, and Pb in varnishes and suggested that these enrichments are consistent with the susceptibility of these elements for adsorption by Fe-Mn oxyhydroxides.
Wayne et al. [12] suggest that elevated trace metal concentrations on the varnish surfaces may be directly attributed to metal-containing, atmospherically-deposited particulates and that these particulates probably originated at coal-fired power plants. The particulate matter (PM) emissions from coal-fired power plants are typically controlled with electrostatic precipitators (ESP) or fabric filters [13] . These units routinely achieve 99% control efficiency. However, the finest particles in the fly ash are not removed by the pollution control equipment and are emitted with the flue gases to the atmosphere. The authors conclude that trace metals can be retained in the rock varnish, and thus, provide a record of ambient airborne pollution.
In the presented work, we evaluate the use of LA-ICPMS for direct (in situ) analysis of elements in desert varnish samples collected in the areas impacted by sources of air pollution. Elevated levels of metals in the varnish samples could indicate possible contamination and provide help in mapping the distribution of air pollution. This paper discusses the results found for the LA-ICPMS analysis of desert varnish samples.
MATERIALS AND METHODOLOGY

Sampling Sites and Sample Collection
The point sources of air pollution in this study were chosen because of: (1) their history of atmospheric emissions and (2) the availability of reports documenting geographic deposition patterns or dispersal of their contamination [14] . The selected sources include: the Nevada Test Site (NTS); the Mohave Power Project (MPP), Laughlin, Nevada; the Reid Garner Power Plant (RGPP), Moapa, Nevada; and the Titanium Metals Corporation, Inc. (TIMET), Henderson, Nevada. Detailed sample site information is given in Table 1 . A map showing locations of the sites is provided in Fig. (1) .
The NTS is a United States Department of Energy (US DOE) reservation, located about 105 km northwest of Las Vegas, Nevada. The site was established in 1951 for the testing of nuclear weapons, and is composed of approximately 3,500 km of desert and mountainous terrain. From January 1951 till the end of October 1958, about 100 aboveground nuclear tests took place at the NTS [15] . The prevailing weather patterns at the time of the testing dispersed most of the fallout to the north and east of the NTS. Little direct fallout was blown toward Las Vegas [15] .
The MPP was a 1580 megawatt (MW) coal-fired power plant located in Laughlin, Nevada, approximately 120 km southwest of Grand Canyon National Park (GCNP). The plant operated from 1971 to 2005 and emitted up to 40,000 tons of sulfur dioxide (SO 2 ) per year, making it the largest source of SO 2 in the Western United States [14] . The MPP was shut down in December of 2005, in part because plumetracer studies implicated it as an important source of haze in the GCNP [14] . Thus, seasonal plumes for the MPP have been mapped, and, since fly-ash is a possible source of heavy metals, samples of desert varnish were collected at locations in the MPP plumes [16, 17] .
The RGPP is a 650 MW coal-fired electric generation facility operated by the Nevada Energy, Las Vegas, Nevada [18] . The RGPP is located approximately 2 km southwest of the city of Moapa, Nevada and approximately 90 km northwest of Las Vegas. The facility has operated At each of the above locations, hand-sized samples (up to about 25 cm) were collected from the ground or chipped off of the varnished surfaces of large rock formations. Majority of samples consisted of volcanic basalts, except RGPP3, which was sandstone and RGPP1 was quartzite granite. To avoid interferences from any surface deposits and vegetation, rocks with extensive tufa deposits (calcium carbonate, CaCO 3 ) and lichen communities were not sampled. Three samples were taken at each location. The samples were labeled, packaged in plastic bags, and returned to the laboratory for analysis. To remove any loose particulates form the analyzed surfaces all samples were rinsed with ultra pure water, 18 M -cm or better, from a Nanopure water system (Barnstead Corporation, Dubuque, Iowa) and dried with a lint-free paper towels prior to analysis.
Instrumentation and Data Collection
In order to assess difference in elemental concentration between varnished and unvarnished surfaces two samples with different lithology (RGPP3 and TIMET 2) were analyzed using a LSX-213 laser ablation system (CETAC Inc., Omaha, Nebraska) interfaced with an Axiom, doublefocusing magnetic sector ICPMS which was originally manufactured by VG Elemental (now Thermo Fisher, Waltham, MA, USA). The LSX-213 employs a frequency quintupled Nd:YAG laser with a resulting wavelength of 213 nm. The LA-ICPMS system was optimized for sensitivity (e.g. gas flows, torch position) prior to sample analysis using NIST glass SRM 614. Instrumental settings are summarized in Table 2 . Briefly, the LA unit was operated at its full 232 Th, 238 U) were determined at low mass resolution (m/ m 400). Data were collected for three ablation scans using continuous-line ablations to average the sample variability. Ablation site selection, laser focusing, and ablation parameters were monitored in real time by a camera aimed down the laser axis. Within each line scan were ten analytical runs, each consisting of 10 ms of signal collection per mass, plus the time it took the ICPMS to move between the masses, plus the time required for the software to "process" the data at the end of the run. Combined, the data collection and peak jumping time was relatively fast (~5 s), corresponding to <125 m in varnished rock distance (at a scan rate of 25 m·sec -1 ). This process was repeated three times for each rock sample (Fig. 2) .
Argon gas blanks were analyzed between each sample to prevent sample cross-contamination and to assess the memory effects. All sample signals were blank corrected. Bulk concentrations of elements in the varnish coatings were quantified with the LA system coupled with an ELAN Table  3 .
Data were collected for three ablation scans using continuous-line ablations. Within each line scan were three analytical runs, each consisting of 15 sweeps with 100 ms of signal collection per mass. Each analytical run lasted about 42 s, corresponding to a total distance of 1.05 mm in varnished rock distance (at a scan rate of 25 m · sec -1 ). Overall, about 3.15 mm of the rock surface were ablated (3 runs). This process was repeated three times for each rock sample.
RESULTS AND DISCUSSION
Calibration and Detection Limits
The ICPMS instruments were calibrated with a set of multi-element NIST SRM glass standards (61X series). These standards have been well characterized in LA-ICPMS studies and provide reliable calibrations for analysis of many geological materials [12, 20] . The certified values for the SRM were used; and when that information was unavailable, consensus values were used [20, 21] . Aluminum-27 was used as an internal standard (IS) for sector field ICPMS analyses.
The sector field ICPMS calibration curves yielded good linearity for all elements. Correlation coefficients for concentration versus instrumental response in counts-persecond (cps) were 0.999 for eight elements (Be, Ag, Sn, Sb, Ba, W, Tl, and U); for Cd (only one standard value was Precision of the analytical method was verified by calculating a relative percent difference (RPD) between duplicate measurements of SRM 612 ( Table 4) . Most of the elements have RPDs within the limit (< 20%), except for W (25%), Pb (32%) and U (22%). Method detection limits (MDLs) were calculated based on replicate measurements (n=90) of argon gas blanks and the slope of the calibration curve (3 ). The MDLs range from 0.001 g·g -1 for Be, U, and Th to 0.50 g·g -1 for Ag ( Table 4) .
Data Acquisition
For quadrupole ICPMS calibrations correlation coefficients were 0.995 for 21 of the 23 elements (Bi and Au had only one standard value available). Again, the accuracy and precision of the method was verified with SRM 612. The elemental recoveries had an excellent agreement with certified or consensus values, with only two results falling outside of the range of 80-120%: Zn (69%) and Sr (77%) (no values were available for Bi, W, In, and Cd). The majority of the elements have RPDs within the acceptable limit (< 20%), except for Cd (30%) and Zn (21%) ( Table 5 ). MDLs were calculated based on replicate measurements (n=42) of argon gas blanks and the slope of the calibration curve (3 ). The MDLs ranged from 0.001 g·g -1 for Bi to 47.6 g·g -1 for Sr ( Table 5) .
Magnetic Sector ICPMS Sample Data
Both varnish samples have varied concentrations of trace elements ( To statistically evaluate the difference between varnished and substrate rock (unvarnished) surfaces, the null hypothesis, that "the means of the results from analysis of both surfaces are equal", was tested [22] . The comparison of the experimental t values with the critical values of t (P = 0.05) shows significant difference in the concentrations of seven elements (Be, Cd, Ba, W, Tl, Pb, and Th) in sample RGPP 3. There is no significant difference in the concentrations of Ag, Sn, Sb, and U.
Eight elements (Cd > Th > Ba > Pb > W> Be > Tl > U) have higher concentrations in the varnished surface than in the unvarnished substrate rock. In contrast, concentrations of Ag, Sn, and Sb were higher in the unvarnished surface of sample RGPP3. This could be caused by the limited sorption of these low solubility elements into the varnish films. Tebo et al. [10] reported that Mn oxide minerals can adsorb or incorporate from solutions substantial amounts of Ca, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Sn, Hg, Pb, Po, Ra, Th, U, and Pu. However, sorption, ion exchange, and precipitation of metals by Mn oxides are affected by multiple factors [10] . Solubility in rain or fog droplets during wet deposition is a main factor that influences enrichment of the metal in the varnish coatings [11] .
The comparison of the experimental t values with the critical values of t (P = 0.05) demonstrate significant differences in the concentrations of nine elements (Cd, Sn, Sb, Ba, W, Tl, Pb, Th, and U) for sample TIMET 2. There is no significant difference in the concentrations of Be and Ag. Trace element concentrations are consistently higher in the 
Quadrupole ICPMS Sample Data
Analytical results for the quadrupole ICPMS analyses of desert varnish samples are found in Table 7 . Each result represents the average of 9 individual analyses (3 lines, 3 replicates), and was obtained using continuous-line ablations. Only varnished rock surfaces were analyzed. The irregularities of varnish coatings may account for variations in %RSD of the means of the individual results.
As previously observed, Ba (408 to 38600 g·g There is a noticeable difference in the chemical composition of sample NTS 1, compared to NTS 2 and NTS 3 (Fig. 3) . The NTS 1 sample shows enrichment of Sb > Mo >> Cd > Pb > U > W > V > Be > In > Zn > Th > Cr > Sr; where Sb and Mo are extremely enriched at 2760 and 1020 times more than in the UCC, respectively. Cadmium and Pb are also highly enriched, about 62 and 22 times more than in the UCC. On the other hand, Cu, Tl, Ba, Sn, Bi, Ni, Co, and Cs are depleted. The NTS 1 sample also has a very low ratio of Th/U = 0.67, while the average UCC values range from 3.7 to 4.0 [23] . The low ratio of Th/U could possibly be attributed to the activities at the NTS, since the sampling site is located next to the NTS. 17.6 ± 9. Each column represents data from 3 separate 3-run analyses using 100 m beam; NA = Not Available; ND = Not Detected, SD = Standard Deviation. (Table 7B) The samples NTS 2 and NTS 3 are enriched with Cd > Pb > Tl > Mo > Th > W > Co > Sb > U > Zn > Be > Ba > Sn > Cu > Bi > Cs > Ni. Both NTS 2 and NTS 3 are highly enriched in Cd, Tl, and Pb. Depleted elements include V, Cr, Sr, and In. All three NTS samples are enriched in Mo and W, which could be explained by their location in the W mineralization belt. Large quantities of W have been dispersed into the environment in central Nevada as a result of W mining and smelting operations [12, 24] .
The TIMET samples show enrichment of Cd > Pb > Mo > Tl > Co > Sr > Ba > Zn > Th > Sb > W > Sn > U > Cu > Be, ranging from 28 to 192 times more than in the UCC for Cd, and from 1.2 to 3 times more for Be (Fig. 4) . Vanadium, Cr, Ni, In, Cs, and Bi show variable enrichment and depletion.
Cadmium and Pb have the highest enrichment in all MPP samples, ranging from 39 to 465 times that of the UCC for Cd, and from 15 to 345 times for Pb (Fig. 5) to 663 times more than the UCC for Cd, and from 1.1 to 6 times more for Ni (Fig. 6) . Cesium and U are depleted only in RGPP 2; Sn and Bi are depleted only in RGPP 3. Vanadium, Cr, Sr and In show variable enrichment and depletion.
Trace Metal Concentrations and the Distance from Power Plants
Many elements that have high concentrations in varnish coatings are frequently found in fly ash emitted from coalfired power plants [25] [26] [27] [28] [29] . The concentrations of the elements (V, Cr, Co, Ni, Cu, Zn, Cd, Sn, Sb, Tl and Pb) were plotted as a function of the distance from each power plant (Figs. 7-10) . The distances north of the plant were entered as positive numbers and the distances south of the plant were entered as negatives.
The MPP graphs point to deposition areas at distances of 50 to 80 km south of the power plant and 40 to 100 km north of the power plant (Figs. 7, 8) . The RGPP graphs display pollutants [16] . The plume deposition model assumes that beyond the distance of maximum deposition, trace element concentrations in soils should decrease with increasing distance from the power plant if the power plant is a significant source of that element. An area of low deposition near the power plant is expected as a result of pollutant release from elevated stacks [16, [30] [31] [32] . findings of project MOHAVE caused closure of the MPP in December 2005 [33] . During Project MOHAVE a perfluorocarbon tracer (PFT) was used to establish prevailing wind directions and deposition patterns of the contaminants [14] . At the MPP, the PTF was injected into the power plant stack at a height of 20 m. The tracer, ambient particulate composition, and SO 2 concentrations were measured at about 30 locations in the four-state region of Arizona, California, Nevada, and Utah [34] .
The modeling of plume deposition patterns from the MPP resulted in the development of the influence functions. The influence functions are a direct measure of the average dispersion between the emission and monitoring locations. The assessment of average dispersion includes calculations of the range, average deviation, variance, and standard deviation of the measured values. The spatial patterns of the mean influence functions illustrate the typical tracer distribution observed throughout each season.
Summer wind flow is generally from the south, along the Colorado River, and from the west (or possible southwest), from the western edge of the Mojave Desert. This is consistent with the predominant summer surface wind flow patterns for California [14] . Consequently, summer MPP average influence function values were highest at sites to the north of the plant. This suggests that MPP emissions during the summer (April through September) consistently occur over most of the area of Lake Mead (north of the MPP along the Colorado River) with relatively little dilution [14] . Three sites were sampled in the summer deposition areas. All three sites were located to north of the MPP along Colorado River Canyon (MPP 1, MPP 2, and MPP 3) (Fig. 1) .
A predominant feature of winter airflow shown by the PFT data is drainage down the Colorado River. The largest values of the influence functions were observed during the winter intensive monitoring period (November -February) at sites along the Colorado River Canyon, which acts as a natural conduit for airflow in the winter. Winter airflow for the MPP also follows the Colorado River, with the greatest influence function values to the south of Parker, AZ [14] . The seven sites were sampled in the winter deposition areas. All sites were located to the south of the MPP along the Colorado River Canyon (MPP 4, MPP 5, MPP 6, MPP 7, MPP 8, MPP 9, and MPP 10) (Fig. 1) .
CONCLUSIONS
This study produced preliminary data indicating the utility of rock varnish as a passive environmental monitor of relatively recent events such as atmospheric pollution from coal-fired power plants. Analysis of varnishes thus provides records of atmospheric metals and other possible environmental pollutants such as radionuclides and organic compounds. The analytical data obtained demonstrated that LA-ICPMS can successfully be used for the trace metals analysis of varnish samples. Consequently, rock varnish deserves further study as a passive environmental monitor. Future varnish studies should focus on the implementation of a detailed plan to analyze a large number of samples from the deposition area of the point source of air pollution. The large number of samples will make it possible to distinguish regional signals from the local noise.
Analysis of varnishes is a new field that can potentially provide records of pre-anthropogenic levels of atmospheric metals and other environmental pollutants. The data provided basic knowledge of the chemical composition of varnish coatings and, thus, additional evidence to help understand the mechanism of varnish formation. The results of this study will have implications 1) for mapping the distribution of trace element air contamination, 2) for identifying the sources of air pollution, 3) for deciphering the history of atmospheric pollution, and 4) for contributing to our understanding of desert varnish formation.
In brief, even though desert varnish is slow-growing, it very effectively accumulates ambient air-borne materials and preserves them in its matrix for some, yet undetermined, lifetime. The trace element fingerprints held in the desert varnish may be useful in identifying sources of natural or anthropogenic air pollution.
